The first Visible Infrared Imaging Radiometer Suite (VIIRS) instrument has been in operation for more than 6 years on-board the S-NPP satellite and the second instrument, with the same design and performance requirements, was launched in November, 2017 on-board the JPSS-1 satellite (named NOAA-20 after reaching its orbit) and is currently in normal operation conditions. This paper provides a brief description of VIIRS on-orbit calibration and characterization activities and presents performance assessments and comparisons of S-NPP and NOAA-20 VIIRS using data collected from their on-board calibrators (OBC) and regularly scheduled lunar observations. Results show that NOAA-20 VIIRS is performing as well or better than S-NPP VIIRS in all of the key performance metrics. The NOAA-20 reflective solar bands, including the day-night band, have experienced less than 1% change in gain in the first 250 days since launch and did not suffer from the contamination related rapid degradation experienced by S-NPP VIIRS. Some of the NOAA-20 thermal emissive bands had larger than expected gain degradation after launch due to ice buildup on the dewar window of the long-wave IR focal plane assembly but a mid-mission outgassing operation was able to restore their gains and maintain stable behavior. Though this study is focused on the sensor's key performance parameters, such as detector responses (gains), signal-to-noise ratios, and noise-equivalent temperature differences, challenges identified and lessons learned through different phases of on-orbit calibration and characterization are also discussed.
INTRODUCTION
Two nearly identical VIIRS instruments are currently operated in the same orbit, one on-board the Suomi National Polar-orbiting Partnership (S-NPP) satellite launched in October, 2011 and the other on-board the NOAA-20 (N-20) satellite (formerly the JPSS-1) launched in November, 2017, with N-20 orbiting about 50 minutes ahead of S-NPP. The VIIRS is a scanning radiometer that uses a rotating telescope assembly (RTA), coupled with a two-sided half-angle mirror (HAM). It collects data in 22 spectral bands: 14 reflective solar bands (RSB), 7 thermal emissive bands (TEB), and 1 day/night band (DNB), covering wavelengths from visible (VIS) to long-wave infrared (LWIR). DNB observations can be made in 3 gain stages, thus capable of making measurements over a very large dynamic range [1] [2] [3] [4] . For reference purposes, several key design parameters of VIIRS spectral bands, such as their wavelengths, typical radiances (or temperatures), and specified signal-to-noise ratios (SNR) or noise-equivalent temperature differences (NEdT), are listed in Table  1 . Also listed in Table 1 are the on-orbit SNR and NEdT for both S-NPP and N-20 VIIRS at their mission beginning and present. More details on instrument performance will be discussed in section 4 of this paper. Like its predecessor MODIS, currently operated on-board the NASA's EOS Terra and Aqua spacecraft, the VIIRS on-orbit calibration is performed using a set of on-board calibrators (OBCs), which include a solar diffuser (SD) coupled with an attenuation screen, a solar diffuser stability monitor (SDSM) operated as a ratioing radiometer to track SD on-orbit degradation, and a blackbody that can be controlled at select temperatures. A space view (SV) port provides a view of deep space for use as a dark background reference and a way to make observations of the moon. Figure 1 shows a diagram of the VIIRS scan cavity and OBCs. Both MODIS and VIIRS instruments were built by the same instrument vendor. As expected, VIIRS OBCs were designed and operated based on the lessons and experience learned from MODIS.
This paper provides a brief description of VIIRS on-orbit operation and calibration activities, especially those performed during the initial intensive calibration and validation (ICV) phase, followed by the calibration methodologies for both RSB and TEB. The OBC functions for both instruments and their on-orbit performance are examined and illustrated. Data collected from the OBCs and regularly scheduled lunar observations are used to derive the sensor's key performance parameters. Preliminary results from N-20 VIIRS are compared with results from S-NPP. As illustrated in this paper, the overall performance of N-20 VIIRS is slightly better than S-NPP. Initial ice buildup on the dewar widow of the LWIR focal plane assemblies (FPA), which caused degradation of TEB responses (gains), was eliminated via a mid-mission outgassing (MMOG). Unlike S-NPP, the N-20 RSB responses have been very stable. Lessons and experiences from S-NPP have directly contributed to the success of N-20 VIIRS on-orbit calibration. 
VIIRS ON-ORBIT OPERATION AND CALIBRATION ACTIVITIES
During the ICV period of both instruments, a number of special tests to assess sensor at launch performance were conducted. Three different types of maneuvers (shown in the right panel of Figure 1 ) in support of VIIRS on-orbit calibration and validation effort are a key part of the ICV activities: (1) roll maneuvers for lunar observations to monitor the RSB calibration stability, (2) yaw maneuvers to validate the SD BRF and solar attenuation screen (SAS) transmission, as well as SDSM screen transmission, and (3) a pitch maneuver to validate the TEB response versus scan-angle (RVS). Tables 2 and 3 provide a brief summary of the key operation events and calibration activities.
Early in the S-NPP mission, an abnormal degradation was observed in the NIR and SWIR detector responses. A number of special tests were performed thereafter to identify and characterize the root cause of the degradation that was later confirmed to be due to the contamination of RTA mirror coatings that occurred pre-launch [5] [6] [7] . The largest impact of this degradation was observed in the bands M6-M9 and I2. In the case of N-20, accelerated degradation in detector gains was observed shortly after launch in the LWIR bands (I5, M15 and M16). Following a number of diagnostic tests, including RTA stow and electronic calibration, to trend the degradation behavior (especially its spectral dependence), the likely cause of the degradation was believed to be due to the ice buildup on the dewar window of the LWIR FPA. A MMOG operation performed in March, 2018 was able to recover the gain decreases that resulted from the ice-buildup. Both S- NPP and N-20 VIIRS lunar observations, performed via a spacecraft roll maneuver and sensor data sector rotation, are collected in a fixed high gain mode near-monthly (7-9 times a year). The S-NPP VIIRS lunar observations are typically collected in aggregation zone 3. In contrast, the N-20 VIIRS lunar observations are collected in aggregation zone 1, with the exception of the first lunar event on December 29, 2017, which was collected in aggregation zone 2. The on-board bowtie deletion is disabled during its lunar calibration events. The on-board blackbody is controlled nominally at a constant temperature for both S-NPP and N-20. Periodic blackbody warm-up and cool-down (WUCD) events, with each taking about 2 days to complete, have been carried out every three months for both instruments. All TEB detectors have shown excellent stability. A recent decision was made to reduce the frequency of future BB WUCD from a quarterly to yearly basis. VIIRS SD calibration data is available every orbit. The SDSM is currently operated on a daily basis for N-20 and three times per week for S-NPP VIIRS.
ON-ORBIT CALIBRATION METHODOLOGIES
The VIIRS RSB on-orbit calibration is reflectance-based using observations of the SD, which is illuminated by the sun once every orbit through a fixed attenuation screen. The bidirectional reflectance distribution function (BRDF) of the SD and the transmission of the attenuation screen were measured prior to launch over a range of different illumination angles. After launch, the SD BRDF degrades, likely caused by the solar UV radiation, and this degradation is tracked using the SDSM. The SDSM acts as a ratioing radiometer, making alternate views of the SD, a dark background, and the Sun through a separate fixed attenuation screen on consecutive RTA scans. The ratio of the SDSM detector response when viewing the SD to the response when viewing the Sun, with corrections for the screen transmission and SD BRDF, is denoted as the H-factor. The H-factor is tracked on-orbit for each of the 8 SDSM detectors, which cover the wavelengths of the VIS/NIR bands, and the results are extrapolated to the wavelengths of the SWIR bands 3, [8] [9] .
The radiance viewed by the VIIRS RSB is calculated from a polynomial function of the backgroundsubtracted detector digital count. The polynomial coefficients were measured pre-launch and an overall multiplicative factor, the F-factor, is used to track the time-dependent on-orbit changes. The F-factor is calculated every orbit from the SD observation, taking into account the solar radiance, the SD screen transmission, the BRDF of the SD and its degradation as tracked by the H-factor, and the relative spectral response of each detector. The inverse of the SD F-factors normalized to the start of the mission can be considered the on-orbit gain change of the RSB. A similar SD and SDSM calibration approach is applied to the DNB low gain stage (LGS) using a simple linear algorithm. The DNB high gain and mid gain stages (HGS and MGS) are calibrated using ratios of HGS to MGS and MGS to LGS, respectively [10] [11] .
The TEB calibration converts the background corrected digital response of a detector to the corresponding at sensor aperture radiance using a quadratic model. The coefficients in the model were derived pre-launch. In addition, there is a scale factor (called F-factor) on top of the quadratic model, which is determined on a scan-by-scan basis from the observations of the on-orbit blackbody (BB) and the space view (SV) port. The at-detector radiance when VIIRS views the BB (or SV) is the sum of the BB (or SV) radiance and the radiance from a number of emissive sources along the optical path (e.g. RTA, HAM, etc.). The effective BB path radiance is the radiance from the BB path after subtracting the radiance from the SV path, in which the RVS is considered and the contributions from the emissive sources are weighted. The calibration coefficients, RVS, and the temperature dependent radiance of all emissive sources are determined on a perscan basis via on-orbit telemetry measurements and look-up-tables (LUTs). The ratio of the BB path radiance and the radiance from the quadratic model is the F-factor that will be used in the Earth view (EV) data calibration 3, 12 . Currently, the TEB LUTs are characterized based on the prelaunch data analysis.
The VIIRS lunar observations are made through its SV port, which is an extension of the EV port. Due to the spacecraft operation and roll angle constraints, the lunar observations are typically made with phase angles between -51.5° to -50.5°. A data sector rotation is performed to store the lunar data in the EV data sector. In some instances, such as June 23, 2018 lunar event, the Moon is directly observed in the SV port therefore bypassing the need for a roll maneuver. To date, S-NPP VIIRS has performed nearly 50 lunar observations and N-20 VIIRS 7 observations. The lunar observations can be used to derive the instrument relative gains (inverse of the F-factors) using the ROLO model predicted lunar irradiance to correct for the lunar viewing geometry differences 13 . The on-board BB provides TEB calibration source radiance. Its temperature is measured by 6 thermistors embedded in the BB panel on a scan-by-scan basis. The BB is nominally maintained at 292.6 K for both S-NPP and N-20. Figure 4 illustrates on-board BB temperature short-term stability and uniformity for both VIIRS instruments, with continuous data over 3 orbits. The variation, within 25 mK, of the average temperature from day to night orbit is small and expected. At this controlled temperature, the N-20 BB shows a slightly larger standard deviation than S-NPP. Nevertheless, both instruments meet the uniformity design requirement of 30 mK. Their performance has been excellent at the nominal temperature setting. temperature steps displayed in the upper plots. Data from different temperature plateaus and the lowest temperature at the end of cool-down are used to characterize detector noise performance. The bottom plots show the uniformity of the BB throughout the WUCD process. The non-uniformity is larger in the day time orbits and during warm-up, especially for S-NPP. During each warm-up period between two controlled plateaus, the non-uniformity exceeds the design requirement of 30 mK, resulting in lower SDR quality especially in LWIR on S-NPP. Figure 6 shows the on-orbit gain change for the VIIRS VIS/NIR bands. The gains are very stable on-orbit for N-20, with band M1 having an increase of up to 0.7% and all other bands having changes of <0.4% in the first 250 days since launch. By contrast, the gain for S-NPP had significant changes over the same period, particularly for the NIR bands (up to 26% for bands M7 and I2), due to a contamination of the RTA mirrors which resulted in a rapid degradation in their reflectance [5] [6] [7] . The on-orbit gains derived from lunar observations are also displayed in Figure 6 and are generally in good agreement with the SD F-factors. The lunar-derived F-factors can have up to 1% seasonal oscillations largely due to different lunar libration angles; so the slight divergence of the SD and lunar F-factors for N-20 does not necessarily indicate a disagreement between the two calibration sources. The long-term agreement of the on-orbit gain from the SD and lunar measurements for N-20 will be carefully evaluated after at least one full year of lunar observations are completed. After a few years into the mission, the S-NPP VIIRS lunar gain was found to slightly deviate from the SD gain calculated using the H-factor derived at the SDSM viewing angle. Because of this, the long-term lunar gain trends are used to determine the SD H-factor at the view angle of the RTA. The current SD F-factors are calculated using the newly adjusted SD H-factors.
ASSE
The SD observations at different illumination conditions, which produce different signal levels, are also used to characterize the RSB SNR 15 . Two sets of SNR values at typical radiances are listed in Table 1 for both S-NPP and N-20: one at the beginning of each mission and another at a more recent date. The SNR is above the specification in all cases. It should be noted that the SNR values for S-NPP NIR and SWIR bands have decreased over the 6+ years of operation. This is mainly due to the degradation of their responses (see The inverse of the F-factor (or gain) is used to assess the TEB detector on-orbit performance. This is not a direct SDR quality assessment, but demonstrates the stability of detectors' responses over time. The left panel of Figure 7 shows trends of the N-20 VIIRS TEB gains starting from Jan 6, 2018 (52 days into the mission) when the cold FPAs were controlled to their nominal operating temperature. The gain values for HAM-side A are averaged over all detectors within a band. In the case of S-NPP, the TEB gain over a similar timescale is plotted for comparison purposes (right panel of Fig. 7 ). In the case of MWIR bands, both instruments show a very small gain change to within 0.3% in the first 250 days of operation. After more than 6 years of on-orbit operation, the S-NPP MWIR gain change remains within 0.5%. Similar performance is observed for the S-NPP LWIR bands. The changes in detector responses over the entire mission are within 0.3%, except for band I5 that has experienced approximately 1.8% gain degradation to date. For N-20 LWIR, ice buildup on the LWIR FPA dewar window led to an accelerated gain change at mission beginning. A mid-mission outgassing performed on March 12, 2018 allowed the LWIR band gains to be restored close to their initial at launch values (within 0.3%). As the TEB calibration is performed on a per-scan basis, the initial gain degradation has shown negligible impacts on the SDR quality. As expected, the HAM side B trend is similar to HAM side A. Also, the on-orbit TEB NEdT values remain nearly the same since launch, meeting the specified requirements. Figure 8 (two bottom plots) are the corresponding DNB gain ratio trends (MGS/LGS), derived using the low-level signals from selected SD observations. Similar to the RSB, the N-20 DNB LGS F-factors and gain ratios (MGS/LGS and HGS/MGS) are very stable. The MGS/LGS ratios appear to be in two groups. This should not be surprising as different gain stages are aggregated using different detectors (pixels) in different CCD arrays. For S-NPP, the DNB F-factors at all three gain stages show similar trends, corresponding to the decrease of detector gains, and the gain ratios are nearly constant. This behavior is consistent with the degradation in the NIR spectral region as the DNB spectral bandwidth ranges from 0.5 to 0.9 μm. The plot timeline for N-20 is from the launch date 11/18/2017 to 08/01/2018, and for S-NPP is from launch date 10/28/2011 to 08/01/2018. with their correction coefficients derived independently 11 . The corrections for both instruments have been very effective. In order to reduce the detector nonlinear effect in N-20 DNB high aggregation zones, a different aggregation configuration (option 21) is applied, resulting in extended area coverage. In general, the N-20 DNB stray light contamination is smaller than S-NPP. The stray light contamination in the extended area in N-20, however, is much higher than other areas and requires more effort when deriving the correction coefficients. The same lunar calibration strategy has been applied for both VIIRS instruments. Their lunar observations are normally made on the same day (50 min apart). Lunar observations are used primarily to monitor RSB calibration stability (see Figure 6) . Meanwhile, the lunar images can also be used to characterize the band-toband registration (BBR). The lunar BBR approach was initially developed for MODIS and validated using one of its on-board calibrators that has the capability to perform on-orbit spatial characterization 16 . Shown in Figure 11 are the band I1 lunar images (middle four scans) taken from the S-NPP and N-20 lunar calibration events on April 25, 2018. Figure 12 shows the along-scan BBR for S-NPP and N-20 at their mission beginning and that in June 2018. For both instruments, the on-orbit changes in BBR are very small (within 0.05 M-band pixel size) for both along-scan and along-track directions. Lunar observations have also been used to examine N-20 and S-NPP calibration consistency. Preliminary lunar calibration inter-comparison results derived using the official operational F-factors indicate 2-3% calibration differences between the two sensors' RSB. Similar results have also been derived using other calibration inter-comparison approaches. Clearly, more efforts are needed in future studies to fully address the calibration consistency between the two VIIRS instruments. 
SUMMARY
This paper has provided an overview of N-20 VIIRS on-orbit performance of the first eight months and comparisons to the S-NPP VIIRS early mission performance. In general, the N-20 VIIRS performance is at least as good as or better than the S-NPP VIIRS in the same time period since their respective launches. The N-20 RSB on-orbit responses have very stable compared to S-NPP and have shown no sign of the mirror contamination that led to the rapid degradation of the S-NPP NIR and SWIR bands. The N-20 ICV analysis was able to quickly identify an ice buildup problem affecting the performance of some TEB. A mid-mission outgassing was able to remove the problem and restore the gains for the affected TEB. All the TEB now show stable trends with no sign of on-orbit degradation, similar to S-NPP. Like the RSB, the N-20 DNB gains have had much more stable on-orbit performance than S-NPP, and in addition the N-20 DNB has so far been less affected by stray light. Other N-20 initial calibration and characterization activities were also performed and did not identify any serious concerns.
The performance in the first eight months of operation is a good indication that the N-20 will have less overall degradation in the long-term than S-NPP. More detailed evaluations and comparisons to S-NPP VIIRS will be possible after the N-20 VIIRS completes at least a full yearly cycle. For example, the relative comparison of the RSB gains derived from the lunar data and the SD data will be evaluated after a couple of years in order to determine if any adjustment is needed to the SD calibration, as was done for S-NPP.
